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I. I n t r o d u c t i o n  

The o b j e c t  of t h i s  r c p o r (  is to  stclLe t h e  s i x  month p rogres s  

on NASA Grant NGR 44-001-O 3 L , Sttpplt  icnt No. 1. The g r a n t  i n  t u r n  

i s  a renewal of NASA Grant NGIi L4-001-031. The c u r r e n t  g ran t  

has  four  o b j e c t i v e s .  

1. Extend compliance s t u d i c s  to gene ra l  s h e l l  c o n f i g u r a t i o n s  w i t h  

gene ra l  type  reinforcements  . 

2.  Program t h e  compliance cqii.tt i ons  t o  nccount f o r  s t i f f e n e r s  

n o t  amenable t o  simple ,iI,:el r a i c  a n a l y s i s .  

3 .  I n i t i a t e  a l i m i t e d  tes t in , :  progrim f o r  s t i f f e n e d  sha l low s h e l l s  

i n  o r d e r  t o  exper imenta l ly  k e r i f y  t h e  compliance equa t ions .  

4 .  Perform a non- l inear  a i u l j s i s  f o r  sha l low s h e l l s  i n  o rde r  t o  

determine t h e  non- l inear  :antpli.nice equa t ions .  

A t  p r e s e n t ,  t h e  g r e a t e s t  e f f o r t  has  been d i r e c t e d  toward o b j e c t i v e  

number t h r e e .  However, a l l  of t h e  ob jecc ives  have been ac t ed  upon i n  

va ry ing  degrees  o f  e f f o r t ,  though none hcive been brought t o  a s t a t e  

of completion. A d e t a i l e d  d i scuss ion  of t h e  r e s u l t s  ob ta ined  f o r  each 

of t h e  l i s t e d  o b j e c t i v e s  i s  given i n  t h c  fol lowing p o r t i o n  of  t h e  

r e p o r t  . 
11. Discussion of  Resu l t s  

1. F i r s t  Objec t ive  

At t h e  p re sen t  t i m e ,  compljance s t u d i e s  are being completed 

f o r  r e i n f o r c e d  c y l i n d r i c a l  s h e l l s .  The e l a s t i c  cons t an t  compliances 



f o r  a r i b  s t i f f e n e d  cyIin(li- ic. i l  s l i c ~ l  1 have been completed as p a r t  

of a d o c t o r a l  d i s s e r t a t i o l l .  'l'lic coinpliancc c r i t e r i a  developed 

i n  t h e  d i s s e r t a t i o n  arc p r c s c n t l y  bcing extended t o  o t h e r  type  

re inforcements .  

The only  means of clwclcing a compliance s tudy  f o r  a p a r t i c u l a r  

re inforcement  i s  t o  develop i n  d e t a i l  t h e  s h e l l  equa t ions  f o r  a 

p a r t i c u l a r  re inforcement .  Comparison of  t h e  s o l u t i o n  of  t h e s e  

equa t ions  t o  t h o s e  obta ined  from t h e  o r t h o t r o p i c  equat ions  whose 

e l a s t i c  c o n s t a n t s  have becn determined from some compliance 

c r i t e r i a  e s t a b l i s h e s  t h e  a p p l i c a b i l i . t y  of t h e  c r i t e r i a .  

As s t a t e d  i n  a previous  ,aragr;tph, a compliance c r i t e r i a  

has  been determined f o r  a r i b  s t i f f t sned  c y l i n d r i c a l  s h e l l  and 

t h i s  c r i t e r i a  is  under invest igat ior- .  f o r  i t s  a p p l i c a b i l i t y  t o  

o t h e r  t y p e  re inforcements .  Slcze s,.ndwich c o n s t r u c t i o n  is  an 

extremely important  type  of  s;. -. 11 r . , i n f o r c c n e n t ,  t h e  compliance 

c r i t e r i a  a l s o  should be e > .  L\JLd t o  c h i s  type ;f re inforcement .  

I n  o rde r  t o  determinc b v i . ~ ' L  .ier i he compliance c r i t e r i a  is 

a p p l i c a b l e  t o  sandwich s h e l l s ,  9 d e t a i l e d  a n a l y s i s  of  8 sandwich 

r e i n f o r c e d  s h e l l  i s  under i n \ . $ ? s t i g a t i o n  as p a r t  of - daczora? 

d i s s e r t a t i o n .  However, i: x:,ilyzinE: such a she:,, G number a f  

assumptions cus tomar i ly  u ~ i l : . < ? d  a r t  be ing  r e l ax22  ir. . xde r  t h a t  

t h e  ana ly t i c&;  and a l s o  n u m .  - 11 rc isu l t s  y i e l d  t h e  b e s t  p o s s i b l e  

va lues .  I n  p a r t i c u l a r ,  t h e  n o i  .la1 - t r a i n s ,  stresses and t r a n s v e r s e  

shear  c r e s s e s  are included i n  t he  c o r e  though t h e  f a c i n g  s h e e t s  

w i l l  s t i l l  be s u b j e c t  t o  customary f i r s t  o r d e r  a n a l y s i s .  



2.  Sccond Objective 

Lhitil the compliance cr i L <  ria cliscusscd in the previous 

section has been verified, l i t t l e  c.tn be done in programming 

the general compliance e q u a t i o n s .  IIowever, in the case of the 

shallow shell, the complinncc? relations for the bending rigidities 

of a rib type reinforccment can be programmed since these results 

are based on Huffington's work. 

of being programed. 

3 .  Third Objective 

These rigidities are in process 

The testing program that  h a s  bcscn initiated is directed 

toward the experimental vcri€icatiolL a f  t l ic analytically derived 

compliance equations for stifiened ..;,ailow shells. Because of  

the absence of facilities i,;r such testing, Texas A&M University 

has contributed $23,335 for the purchase of equipment. A detailed 

list of this equipment is g i v c n  in Ilnble 1. 

It is anticipated t h a r  Ldie expt rimcntal portion of compliance 

shell analysis will be extencicc to Lnclude general shell configura- 

tions and dynamic and non-linear shc.11 responses. As a consequence 

the equipment purchased has bcen chosen so  that it will suffice 

for the immediate task ana yec  be applicable to future testing 

programs. 

The immediate objective of  the test--,: program is the determina- 

tion of the membrane rigiditics f o r  a longrtudinally rib stiffened 

cylindrical panel. At the conclusion of the previous grant, 



NGR 44-001-031, t h e  or tho1 rop ic  shal low s h e l l  equa t ions  had been 

de r ived  and app l i ed  t o  a :;iGij>iy supported r i b  r e i n f o r c e d  c y l i n d r i c a l  

pane l  as shown i n  Fig.  1. Thc  c l a s t i c  o r t h o t r o p i c  c o n s t a n t s  

were shown t o  be grouped so t h a t  oiio grouping r e f l e c t e d  t h e  bending 

r i g i d i t y  of  t h e  s h e l l  wh i l c  the second grouping r e f l e c t e d  t h e  

membrane r i g i d i t y .  The compliance between t h e  r i b  s t i f f e n e r s  

and t h e  bending r i g i d i t i e s  wits basctl on Huff ington’s  compliance 

r e l a t i o n  between t h e  r i b  s t iFCcners  and t h e  membrane r i g i d i t i e s  

remained inde termina te .  

Two p o s s i b l e  s o l u t i o n s  it)r thc mcmbrane r i g i d i t i e s  were i n -  

v e s t i g a t e d .  

d e f i n i t i o n  of t h e  e l a s t i c  i \ ) ~ . . ~ t i n t s .  Since t h e  membrane and 

The f i r s t  poss iu , e  s o l ~ i l i o n  was based on a c o n s i s t e n t  

bending r i g i d i t i e s  cons i s tL , i  J C  groL ~ i n g s  of t h e  same e l a s t i c  

c o n s t a n t s ,  a r e l a t i o n  w a s  c lcrLvid rc  l a t i n g  t h e  two r i g i d i t i e s .  

L e t t i n g  C i j  and D i j  r ep resen t  t f i e  mcmbrane and bending r i g i d i t i e s  

and l e t t i n g  . - ) r ep resen t  the  slieL1 tkLickness ,  i t  w a s  found t h a t  

The second p o s s i b l e  s o l u t i o n  w z s  based on t h e  f a c t  t h a t  t h e  

load  r e s i s t a n c e  mechanism of ‘I shallow s h e l l  s t r u c t u r e  d i f f e r e d  

but  s l i g h t l y  from t h a t  of a ?laue.  Since t h e  l i n e a r  a n a l y s i s  of  

a p l a t e  precluded t h e  inc lus ion  of t h e  membrane fo rc2s ,  i t  seemed 

reasonab le  t o  assume t h a t  f c ) x  sinall shal lowness  r a t i o s ,  t h e  membrane 

e f f e c t s  on a sha l low s h e l i  .tlso would be small. Hence, though 



t h e  second s o l u t i o n  d id  t a l c c -  inLo account t h e  cu rva tu re  o f  t h e  

s h e l l  and t h e r e f o r e  t h e  nicrnl)r,mc e f I e c t s ,  it:  d i d  neg lec t  t h e  

c o n t r i b u t i o n  of  t h e  r i b  rc inforccmcnts  t o  t h e  membrane r i g i d i t y .  

The maximum d e f l e c t i o n s  ;is p r e d i c t e d  by t h e  two s o l u t i o n s  

were p l o t t e d  a g a i n s t  t h e  r;itlius of t h e  s h e l l  and are g iven  i n  

Fig.  2. S ince  t h e  l eng th  and width of t h e  pane l  were assumed t o  

be cons t an t s  of 30" and 25" r t s p e c t i v e l y ,  t hen  i n c r e a s i n g  r a d i u s  

i n d i c a t e d  i n c r e a s i n g  shallowness.  

In spec t ion  of  Fig.  2 revea led  t h a t  t h e  two curves d i f f e r e d  

g r e a t l y  i n  d e f l e c t i o n  as t h e  r ad ius  w a s  decreased.  S ince  each 

of t h e  curves  could be j u s t i f i e d  i n  a r a t i o n a l  manner on ly  an 

a c t u a l  t e s t  would determine which of t h e  two s o l u t i o n s  w a s  r e a l i s t i c .  

The t e s t i n g  procedure will c o n s i s t  of exper imenta l ly  determining 

t h e  maximum d e f l e c t i o n  of .. r i b  s t i f i e n e d  aluminum c y l i n d r i c a l  

panel .  

w i l l  be a uniform p r e s s u r e  cscrced normal t o  t h e  s h e l l  sur,' ce .  

The model c o n s i s t s  of a r o i l e d  aluminum s h e e t  and a series 

The pane l  w i l l  be siinplv supported and t h e  e x t e r n a l  loading  

o f  t h i n  aluminum beams. Thesc beams are t h e  r i b s  o f  t h e  model 

and are epoxy glued t o  t h e  upper and lower s u r f a c e s  of  t h e  aluminum 

s h e e t .  The dimensions of t h e  r o l l e d  s h e e t ,  r i b s  and composite 

f i g u r e  are g iven  i n  f i g u r e s  3,4 ,5 .  

The model is supported on a bed which also provides  t h e  s imple  

suppor t  cond i t ions .  The l a t e r a l  edges of t h e  s h e l l  are f r e e  t o  

rest on she lves  which i n  t u r n  a r e  a t t a c h e d  t o  t h e  bed. Circum- 

f e r e n t i a l l y ,  t h e  edges of t h e  s h e l l  rest on curved end p l a t e s  and 



a r e  a t t ached  t o  t h e s e  cmtl platcss by means of t h i n  f l e x i b l e  c a b l e s  

whose t e n s i o n  is  ad jus t cd  by mc*ans ol: tu rnbuckles .  

o f  f u t u r e  tests,  though t h c  s lwlvcs suppor t ing  t h e  la teral  s i d e s  

of t h e  s h e l l  are f ixed  t o  t h c  t e s t i n g  bed, t h e  end p l a t e s  are 

r e a d i l y  removable i n  o rde r  t o  accommodate o t h e r  end p l a t e s  and hence 

c y l i n d r i c a l  pane l s  of  va ry ing  cu rva tu re .  

she lves  are shown i n  Fig.  6 .  

I n  a n t i c i p a t i o n  

The bed, end p l a t e s  and 

S h e l l  loading  is provided by means of  a vacuum pump. The 

volume enclosed by t h e  specimen and t e s t  bed is evacuated and the reby  

caus ing  a d i f f e r e n t i a l  pressure t o  e x i s t  between t h e  o u t e r  and 

inne r  s u r f a c e s  o f  t h e  panel - ihus >quiv , i len t ly ,  a cons t an t  normal 

s u r f a c e  load occurs  as on exti.rna1 e x c i t a t i o n .  I n  o rde r  t o  o b v i a t e  

p r e s s u r e  su rges  from t h e  vacuum pump, a vacuum chamber is i n s t a l l e d  

between t h e  pump and tes t  bed. Gage p r e s s u r e s  are measured by 

means o f  a manometer a t t ached  t o  t h c  bed. Fig.  7 i l l u s t r a t e s  t h e  

t e s t  bed, end p l a t e s ,  vaccuum pump and chamber and t h e  manometer. 

Def l ec t ion  measurements a r e  talcen a long  t h e  l i n e  of symmetry 

. of t h e  s h e l l  panel .  Though t h e s e  d e f l e c t i o n s  are small, t h e i r  

magnitude s t i l l  l ies  w i t h i n  the  realm of a d i a l  gage. 

d i a l  gages mounted on ex tens ion  a rm which i n  t u r n  a r e  mounted 

t o  magnetic blocks are t h c  primary d e f l e c t i o n  measuring device.  

The r e s u l t i n g  test  appara tus  inc lud ing  t h e  t es t  specimen is  

shown i n  Fig.  8. 

Hence, 

A t  t h e  p re sen t  t i m e ,  the  t e s t  bed is  completed. A l l  t h e  

necessary  equipment such as vacuum pump, vacuum chamber, d i a l  



gages have been ordered  and t l ( . l ivcr)  i s  a n t i c i p a t e d  w i t h i n  t h e  month 

of June. Thc t e s t  spec  inicLii <I:; previous ly  descr ibed  is under c o n s t r u c t i o n  

a t  t h e  Manned Spacecraftr CcnLer, Iiouston, Texas, and i t s  d e l i v e r y  

a l s o  i s  expected w i t h i n  t h e  month of June. 

4 .  Fourth Ob jec t ive  

The non- l inear  compliaricc $?quiltions r e q u i r e  an unders tanding  

of t h e  gene ra l  non- l inear  plicnolnena a s s o c i a t e d  wi th  t h i n  e l a s t i c  

s h e l l s .  However, such an undcrstanding a s  y e t  is no t  i n  evidence.  

Though t h e  l i t e r a t u r e  abounds wi th  non- l inear  s h e l l  t heo ry  formula t ions ,  

most of t h e  r e s u l t i n g  equatioiis a r c  s t a t e d  i n  t e n s o r i a l  form. 

The t e n s o r i a l  r ep resen t s i  i m  of t he  s h e l l  equa t ions  posses ses  

important  p r o p e r t i e s .  Howcvc~, the a p p l i c a b i l i t y  of t h e s e  equat ions  

t o  a formula t ion  of a s o l v c i a ~ i  ;et  :L s h e l l  equa t ions  i s  minimal. 

The pr imary reason  for ,hi$,  : o ~ ; ~ l i t i ~  L is  t h a t  t h e  t e n s o r i a l  r e p r e s e n t a -  

t i o n ,  when expanded, y i e l d s  n t o o  gene ra l  se t  of non- l inear  d i f f e r e n t i a l  

equa t ions  whose s o l u t i o n  cannot be approximated e i t h e r  a n a l y t i c a l l y  

o r  numer ica l ly .  More impor tan t ly ,  tne p h y s i c a l  s i g n i f i c a n c e  of 

many o f  t h e  terms which desc r ibe  r o t a t i o n s  o r  e longa t ions  are 

obscured by t h e  con t r ac t ed  tensor  n o t a t i o n .  

I n  o rde r  t o  p re se rve  t h e  phys ica l  s i g n i f i c a n c e  of t h e  non- 

l i n e a r  t e r m s ,  v a r i o u s  au tho r s  hive developed non- l inear  s h e l l  

t h e o r i e s  i n  terms of  p h y s i c a l l y  measurable parameters .  However, 

faced  wi th  t h e  complexity o f  t h c  gene ra l  non- l inea r  formula t ions  , 

v a r i o u s  approximations t o  t h e  ex ten t  of t h e  n o n - l i n e a r i t i e s  

have been introduced.  The n e t  r e s u l t  i s  a series of non- l inear  

s h e l l  t h e o r i e s ,  the  t h e o r i e s  graduated such t h a t  each success ive  



theory attempts to account Car I non-linear phenomena discounted 

on the preceeding theory. 

The graduated attempt %it non-linear shell theory is a logical 

method of dealing with non-1iiie.w s h e l l  phenomena. However, 

even in such a step wise formril.ition of the shell equations, 

basic inconsistencies result, especially in the expressions 

for the torsion and curvature change of the shell reference 

surface. Unless these bending ;znd twisting parameters are completely 

defined, and defined in terms of  physically measurable quantities 

such as strain and rotation, m y  approximation to a non-linear 

shell formulation will be subject t c  error. 

The membrane strains, cilivciture changes , torsion and compatibility 

equations are completely dciiinetl by the first and second quadratic 

forms of the deformed reference surface of the shell. Hence 

any simplification of these quaitities must begin with an investiga- 

tion of these two fundemental forms. In particular, if thcse 

two basic forms can be expressed so le ly  in terms of physically 

measurable quantities such as rotations and membrane strains, 

then simplification of the s h e l l  equations can be identified 

with the neglect of the effects of some physical parameter. 

At the present time the non-linear expressions for the 

first and second quadratic forms arc being investigated. In 

particular, the work is being directzd toward a physical interpreta- 

tion of the coefficients of these two fornls. The results of the 

investigation will be used as part O E  a doctoral dissertation. 



Table 1 - Fl;i.jnr I,abor;~t.ory Equipment 

1. E l e c t r o - o p t i c a l  displacement  measuring device  

Phys i tech  Model 39 Elcc t ro-Opt ica l  Tracking System 

2. E l e c t r o - o p t i c a l  s t r a i n  measuring syst.em 

Phys i tech  Model 39 complctc w i t l i  l e n s e s ,  t r i p o i d  and 

r e f l e x  viewers 

3 .  S t r a i n  gage r ead  out  equipiiicnt 

Binary E l e c t r o n i c s  Corp. Model 306B 

4 .  S t r a i n  gage d i g i t a l  r eco rde r  

Binary E l e c t r o n i c s  Corp. Model 206B 
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F i g .  2 - Analytical reinforced si11.11 segment 
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Fig. 3 - End view of .test spcc i iw i  
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Fig .  4 - Detailed view of rib reinforcemc'nts 
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_ .  r i g .  5 - Detailed view of edge of bpc'cirncn 
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F i g .  6 - Isometric view of t e s t  bed nnd end plates  
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